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Abstract
Purpose Environmental impact evaluation in the food sector is a key topic, due to both stricter legislations and higher consumer
awareness towards sustainable choices. The case of chocolate is a remarkable example, owing to the increasing demand and the
complex production process from cocoa beans to final bars. The present study aims at assessing the environmental impacts
related to three chocolate types (dark, milk and white) through life cycle assessment (LCA) methodology.
Methods Consistent with food Product Category Rules (PCRs) and previous LCA literature, the study follows a cradle to grave
approach. Among different raw material productions, it focuses above all on cocoa farming assuming three possible producer
countries (i.e. Ghana, Ecuador and Indonesia), so that the influence of specific weather conditions and soil properties is
underlined. Since the manufacturing step is supposed in the North Italian factory, different transport distances are also taken
into account. Moreover, the work focuses on the possible use of several packaging materials and following disposal issues. In
view of the open discussion about the most suitable functional unit in food sector, mass and energy amount approaches are
compared.
Results and discussion Along chocolate supply chain, different phases are evaluated according to LCA methodology. Among
analyzed producer countries: Indonesia monoculture case results to be the most impacting situation, due to an intensive use of
agrochemicals; pesticides give a wide contribution in Ecuador, whereas Ghana is penalized by the highest water consumption.
The transport of beans to manufacturing plant influences mostly the GWP, owing to long travelled distances. Considering the
whole production process, cocoa derivatives and milk powder are the main contributors to every impact category. From
packaging point of view, the best solution is the use of a single polypropylene layer. A sensitivity analysis is performed to check
the validity of different allocation procedures: both mass and energy content allocations lead to similar results.
Conclusions Through LCA methodology, the life cycle of dark, milk and white chocolate is compared. The study assesses
different potential environmental impacts, assuming mass and energy content as possible functional units and references for
allocation procedures. For all combinations of functional units and allocation rules, dark chocolate globally presents the best
environmental performance, whereas the other two types have similar environmental impacts.
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1 Introduction
Nowadays, the environmental sustainability is emerging as
key-point in the agri-food sector because of its remarkable
impacts. For instance, food sector causes more than 25% of
global greenhouse gas (GHG) emissions (Solazzo et al. 2016).
It needs high water consumption and it uses about half of ice-
free land area on the Earth for cropland and pasture, which
provokes deforestation (Barona et al. 2010). Moreover, ali-
mentary brands focus more and more on these issues, since
consumers begin to be conscious of the global pollution and to
consider not only the product quality but also its potential
damages to the environment. Life cycle assessment (LCA)
currently is the best standardized methodology to analyze
the environmental aspects since it enables to highlight and
study correlations between production systems and natural
resource depletion, i.e. Water-Energy-Food Nexus (Del
Borghi et al. 2020). Several studies aimed at evaluating envi-
ronmental consequences due to food production chain: fruit
and grain farm (Ingrao et al. 2015; Tricase et al. 2018), proc-
essed foods (Canellada et al. 2018; Del Borghi et al. 2014;
Ingrao et al. 2018), seafood and meat (Hospido et al. 2006;
López-Andrés et al. 2018). In this context, packaging is also
considered to have an effective impact estimation (Del Borghi
et al. 2018; Strazza et al. 2016). However, LCA still seeks to
become a tool for combined analyses of economic value and
eco-burden, creating new sustainable business models in view
of the transition towards a circular economy (Scheepens et al.
2016).
Environmental concerns are critical in chocolate supply
chain. Cocoa is only produced in tropical zones of America,
Africa and Asia growing in specific humidity conditions,
whereas transformation processes and principal markets are
usually in Europe and North America. Indeed, there is a re-
markable contrast between cocoa production and demand in
different areas: for instance, Europe is the major consumer
with an average annual request of 1812 ktons, followed by
the USA characterized by a national consumption of 775
ktons, while only 146 ktons are eaten in Africa, which is the
first worldwide farmer with 3185 ktons of produced cocoa
(García-Herrero et al. 2019). Therefore, raw materials are
transported for long distances. The manufacturing is quite
complex because several co-products can be derived from
cocoa beans and other ingredients are added to obtain the final
product. The effects due to cocoa life cycle cannot be
neglected anymore, in view of the increasing chocolate
Fig. 1 System boundaries
Table 1 Assumed percentages of
ingredients in dark, milk and
white chocolate observing
normative limits
Ingredients Dark Milk White
Assumption Normative Assumption Normative Assumption Normative
Cocoa butter 28% ≥ 28% 15% - 35% ≥ 20%
Cocoa liquor 42% ≥ 45% 25% ≥ 25% 0% -
Cocoa powder 16% 0% 0%
Milk powder 0% - 20% ≥ 14% 20% ≥ 14%
Sugar 14% - 40% ≤ 55% 45% ≤ 55%
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consumption. According to the Food and Agriculture
Organization (FAO), the global demand of this food and its
derivatives has been risen about 91% in the last 20 years (FAO
2017). If different types are considered, the dark chocolate is
expected to have a trend of 8.5% compound annual growth
rate (CAGR) (CBI 2019), followed by white one 6.5%CAGR
(Persistence Market Research 2018) and milk one 6.2%
CAGR (Transparency Market Research 2018) during the as-
sessment period 2017–2026. The increasing demand has pro-
voked cocoa farming intensification by expanding into new
lands, including forest ones, or by using more fertilizers and
pesticides to improve the yield.
Nowadays, there are no specific environmental certifica-
t ions based on quant i ta t ive assessment l ike the
Environmental Product Declaration (EPD) by the
International EPD® System or the related Product Category
Rules (PCRs) (ISO 2006a) for the chocolate sector. However,
several studies propose the life cycle assessment of cocoa
derivatives. The LCA is a standardized methodological tool
that enables the assessment of the main environmental aspects
associated to a specific product “from the cradle to the grave”,
through the evaluation of different input and output flows and
their correlated potential environmental impacts according to
ISO 14040 (ISO 2006b) and ISO 14044 (ISO 2006c). In food
fields, there are a lot of discussions concerning LCA ap-
proaches to be followed (McAuliffe et al. 2020). One of the
main issues is the definition of proper functional units, which
should provide a measurement of specific peculiarity of every
product so as to enable the comparison among different sys-
tems. One kilogram of product is usually assumed (Roy et al.
2009), still this does not efficaciously represent the actual
quantitative consumption of different food. A more realistic
view is provided focusing on the nutritional value and the
caloric intake. Here, the evaluation of potential environmental
impacts is paired with health benefits. Some examples of this
innovative perspective are the use of grams of proteins
(Sonesson et al. 2017), energy amount (Nemecek et al.
2016), nutritional quality index or fullness factor (Chapa
et al. 2020) as LCA functional unit.
In the case of chocolate, the common approach proposes
the use of mass unit as reference for different inputs and out-
puts of the system. Its life cycle is usually divided into cocoa
farming, transport, manufacturing, sale and end of life. There
are some authors that analyze specifically the raw material
cultivation in different areas: Ghana (Ntiamoah and Afrane
2008), Colombia (Ortiz et al. 2014) or Indonesia (Utomo
et al. 2016). Others also consider the manufacturing (Büsser
and Jungbluth 2009; Pérez Neira 2016), or the transport and
the transformation neglecting the cultivation step (Vesce et al.
2016). Only packaging material can be also studied specifi-
cally (Allione et al. 2011), whereas few works take into ac-
count the whole life cycle (Miah et al. 2018; Recanati et al.
2018; Konstantas et al. 2018). Still, in all these cases, they
focus on dark chocolate or chocolate derivatives, such as
chocolate biscuits and wafers or moulded chocolate. So, the
obtained results are not specific for chocolate life cycle, but
Table 2 Input data for the farm of 1 kg of dried cocoa beans (Ecuador
EC, Ghana GH, Indonesia monoculture system IDm, Indonesia
agroforestry system IDa)
Input EC GH IDm IDa Unit
Fertilizer N 0.058 - - - kg
Fertilizer P 0.175 0.125 - - kg
Fertilizer K 0.058 0.050 - - kg
Organic fertilizer - - 0.021 0.015 kg
Urea, as N - - 0.222 0.117 kg
KCl, as K - - 0.164 0.047 kg
SP-36, as P - - 0.076 0.032 kg
TSP, as P - - 0.022 0.014 kg
Pesticide 0.040 0.016 0.032 0.019 kg
Diesel - - 0.012 0.011 kg
Water - 2,980.306 7.000 4.644 kg
Table 3 Emission coefficients for
the production of 1 kg of dried




EC GH IDm IDa
Emissions to air Ammonia 0.0022 0.0000 0.0540 0.0283
Dinitrogen monoxide 0.0006 0.0000 0.0035 0.0018
Nitrogen monoxide 0.0004 0.0000 0.0016 0.0008
Emissions to water Nitrate 0.0175 0.0000 0.0667 0.0350
Phosphate 0.0027 0.0018 0.0016 0.0004
Table 4 Transport distances (departure ports: Guayaquil for Ecuador
EC, Tema for Ghana GH, Makassar for Indonesia ID)
Transport EC GH ID Unit
From cocoa field to departure port 230 280 260 km
From departure port to Genoa port 11,200 6920 13,790 km
From Genoa port to factory 100 100 100 km
Total distance 11,530 7300 14,150 km
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they are influenced by a lot of other factors. Moreover, the
milk and white types are rarely analyzed.
Here, the present study aims at providing a more com-
plete analysis through LCA methodology, based on a
“cradle to grave” approach. Three common chocolate
types (dark, milk and white, each one with a specific
recipe) are evaluated and compared in order to detect
which ingredients provoke the major potential environ-
mental impacts. Since cocoa origin has more and more
influenced consumer choice in last years (Torres-Moreno
et al. 2012), a more detailed analysis of farming step is
performed. The comparison among different producer
countries highlights the relevance of this phase and how
the results vary in function of the considered cocoa supply
chain. Another relevant factor is due to packaging, so
three different commercial solutions are compared.
Firstly, the study follows the common literature approach
of 1 kg of product as functional unit, consequently all the
allocations are performed in terms of mass. Then, in view
of chocolate calorie intake (Cooper et al. 2008), the anal-
ysis is also carried out considering 1 kcal as functional
unit, to highlight if the previous identified trends are con-
firmed by this second approach.
2 Methods and data
The environmental potential impacts deriving from chocolate
production are assessed according to LCA methodology as
defined by ISO 14040-44 (ISO 2006b, c). Since no specific
PCR is furnished by the International EPD® System for this
product category, suggested approach for generic food prod-
ucts is followed (IES 2019).
2.1 Goal and scope of the study
The present study aims at detecting the potential environmen-
tal impacts due to the life cycle of three chocolate types: dark,
milk and white ones. Two different approaches are followed:
firstly, 1 kg of chocolate is assumed as functional unit accord-
ing to the guidelines of the PCR Basic Module for food prod-
ucts (IES 2019); then, 1 kcal is defined as functional unit for a
further comparison of the analyzed products. The study con-
siders the life cycle “from cradle to grave”, dividing it into raw
material production (i.e. cocoa, milk powder, sugar and final
product packaging), cocoa transport, chocolate manufacturing
and packaging waste management (Fig. 1). The packaging
material for cocoa bean transport, usually jute sacks, is exclud-
ed. The retail and storage steps are neglected since they





Electricity (trigeneration) 0.500 kWh
Heat (trigeneration) 0.354 kWh
Cooling (trigeneration) 0.146 kWh
Table 6 Input data in chocolate
transforming factory (outputs
derived from Table 1)
Cocoa manufacturing Chocolate refining Unit
Input
Electricity (trigeneration) 0.18 0.48 kWh
Heat (trigeneration) 0.13 0.34 kWh
Cooling (trigeneration) 0.05 0.14 kWh
Other heat (natural gas) 0.635 0.388 MJ
Lubricating oil 17.6 46.2 Mg
Water 0.9 1.7 kg
Cocoa beans 0.530 - kg
Output
Cocoa liquor 0.098 - kg
Cocoa butter 0.202 - kg
Cocoa powder 0.160 - kg
Chocolate - 1 kg
Table 7 Input data of different packaging case studies for 1 kg of
chocolate
Packaging PP Cardboard Paper Unit
Polypropylene 0.020 - - kg
Aluminium foil - 0.018 0.018 kg
Fibre-based layer - 0.118 0.024 kg
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equally apply to three chocolate types and do not affect the
comparison.
The study is performed using the simulation software
SimaPro 9 and the database Ecoinventv.3.5 (Wernet et al.
2016).
According to the PCR Basic Module for food products
(IES 2019), the following indicators for environmental im-
pacts and for resource use are considered: Acidification po-
tential (AP) according to CML 2001 non-baseline—January
2016 (University of Leiden 2016); eutrophication potential
(EP), global warming potential (GWP), abiotic depletion –
elements (ADP, el), abiotic depletion – fossil fuels (ADP, ff)
according to CML 2001 baseline—January 2016 (University
of Leiden 2016); photochemical oxidant creation potential
(POCP) according to ReCiPe 2008 (Goedkoop et al. 2009);
net water use and cumulative energy demand (CED).
2.2 Life cycle inventory
In the inventory analysis, data about dark, milk and white
chocolate supply chain are collected by secondary and tertiary
sources: in particular, numerical data for cocoa co-products
and milk powder production and for chocolate manufacturing
are referred to existing recent literature, whereas data for the
production of sugar and other auxiliary materials (e.g. fertil-
izers, pesticides) are retrieved from specific processes avail-
able in Ecoinvent v. 3.5 (Wernet et al. 2016). Then, all phases
involved in the supply chain are modelled through SimaPro 9
software. The percentage of different ingredients is defined
according to All. I, d.lgs. n. 178/2003 (European Directive
2000/36/CE) (ADICONSUM 2003). The lecithin, used as an
emulsifier, is neglected due to low present amount. Table 1
reports proposed chocolate composition, with the reference
ranges in European legislation.
In the following paragraphs, inventory data of the main
steps of chocolate supply chain are presented in more details.
2.2.1 Raw material production and transport
The basic ingredient of chocolate is cocoa, which is cultivated
in tropical regions. In the present LCA, three countries are
taken into account as cocoa producers: Ecuador, Ghana and
Indonesia. In a commercial stand, there is usually a density of
1100–1200 trees/ha. Since the yield is low in comparison with
other tropical cultivars—for instance 150–450 kg cocoa/ha
(ICCO 2020) ins tead of 500–1000 kg coffee/ha
(Gebreselassie et al. 2017) and 30,000–50,000 kg banana/ha
(Nayak et al. 2019)—the land occupation is very high.
Moreover, cacao trees are not disease-resistant, so an intensive
use of fertilizers and pesticides is required to increase the
production. As shown in Table 2, input data for three consid-
ered areas change because of the climate, the humidity and the
soil characteristics. In Ecuador case study, a traditional pro-
cess, characterized by low fertilizer use per hectare and poor
cocoa yield, is represented (Pérez Neira 2016). A traditional
approach is also modelled for Ghana (Recanati et al. 2018),
Fig. 2 Environmental impacts due to farm and transport of dried cocoa beans (Ecuador EC, Ghana GH, Indonesia monoculture system IDm, Indonesia
agroforestry system IDa)
Table 8 End-of-life scenarios for
packaging materials Packaging Sanitary landfill Incineration Recycling Source
Polypropylene 12.5% 43% 44.5% Corepla (2019)
Aluminium foil 13.4% 6.4% 80.2% CiAl (2019)
Fibre-based layer 11.2% 7.7% 81.1% Comieco (2019)
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while both traditional monoculture and agroforestry systems
are studied for Indonesia (Utomo et al. 2016). For the latter
country, data are referred to cocoa pod: therefore, the request
of 16 kg of cocoa pods to obtain 1 kg of cocoa dried beans is
assumed. The emissions deriving from the application of fer-
tilizers are evaluated according to the existing literature
(Bouwman et al. 2002; EMEP/CORINAIR 2002; IPCC
2006) and are reported in Table 3. The emissions deriving
from the use of diesel are instead evaluated according to spe-
cific Ecoinvent database processes.
When cocoa fruits are harvested manually, the external
husks are eliminated and usually left on fields as fertilizers.
Then, there is the cocoa bean fermentation, which is a spon-
taneous process to improve aromas and reduce liquid content.
The sun-drying for water and acidity elimination follows.
Both phases do not request any specific energetic inputs (in
few cases an artificial drying with hot air is used).
The dried cocoa beans are transported from tropical zones,
where they are grown, to factories in North America and
Europe. The itinerary is divided into three parts:
& A first route from the cultivation site to the departure port
by a lorry 3.5-7.5 t EURO3
& A trans-oceanic ship transport to the chocolate producer
country
& The final step from the Italian harbour to the transforma-
tion factory by a lorry 16-32 t EURO5
All transportation data are presented in Table 4. The first
step is estimated from literature (Pérez Neira 2016; Ntiamoah
and Afrane 2008; Recanati et al. 2018), whereas the others are
calculated considering the distance between the specific port
and the manufacturing factory located in Piedmont, Italy.
The input data of other ingredients are calculated consider-
ing the needed different amounts for every specific chocolate
type (according to Table 1).
2.2.2 Chocolate manufacturing
The transformation step requests several unit operations. After
the cleaning and the selection, cocoa dried beans are roasted at
120–180 °C to develop aromas and to sterilize the product.
Then, the milling transforms beans into cocoa liquor, which is
partly fed at the pressing operation to divide the cocoa fat
butter from the cocoa dried cake (its further grinding produces
cocoa powder). After addition of all ingredients, the mixture is
Fig. 3 AP impacts of 1 kg dark,
milk and white chocolate
according to mass allocation




Fig. 4 EP impacts of 1 kg dark,
milk and white chocolate
according to mass allocation
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blended through the refining and the conching units at 50–80
°C. The obtained liquid chocolate is tempered in order to cool
it down slowly and then it is poured into specific moulds
before wrapping into packaging. So, whereas water use is
low, the whole process needs high amount of energy in the
form of electricity, heat and cooling. A valuable opportunity is
the addition of a trigeneration system to optimize process de-
sign, as described in Table 5 (Reverberi et al. 2011). As re-
ported in Table 6, both manufacturing phases are modelled
according to Recanati et al. (2018): it is assumed that the
requested heat is provided by trigeneration and partially by
supplementary natural gas, whereas electricity and cooling
are derived only by the trigeneration process. Input data for
the chocolate manufacturing are firstly mass allocated among
different co-products—cocoa liquor (21.3%), cocoa butter
(43.9%) and cocoa powder (34.8%)—and then through ener-
gy content approach (MP&F 2020).
2.2.3 Packaging materials and end of life
On market, chocolate bars are wrapped by several possible
materials, considering the requested properties to guarantee
intact aroma. As shown in Table 7, four different packaging
solutions are evaluated. An option is a sole polypropylene
(PP) packaging; another is an aluminium film packed with a
fibre-based material: respectively a cardboard (Recanati et al.
2018) and a kraft paper.
The end of life of the different packaging materials is de-
fined according to the Italian scenario in 2018, as reported in
Table 8.
3 Results and discussion
The LCA provides practical key measures which allow an
easy comparison among different possible conditions.
Process hotspots are detected, so effective changes can be
introduced for system optimization. In view of that, firstly,
impacts due to cocoa farm and transport are presented to un-
derline critical points of the main rawmaterial in the chocolate
supply chain. Then, the whole production process is consid-
ered to compare three chocolate types, owing to different re-
quested ingredients. Finally, the production and the end-of-
life treatment of packaging materials are also taken into ac-
count as addition causes common for every analyzed case.
Fig. 6 POCP impacts of 1 kg
dark, milk and white chocolate
according to mass allocation




Fig. 5 GWP impacts of 1 kg dark,
milk and white chocolate
according to mass allocation




Int J Life Cycle Assess
3.1 Cocoa farm and transport
Cocoa farm is characterized by a relevantly high emission im-
pact, in relation to other permanent fruit cultivars: low yield per
hectare is the main reason in this regard. Indeed, the usable
product is limited considering the elimination of husks, the
weight lost during fermentation and sun-drying. Moreover,
the increased demand in the last period has forced the produc-
tion optimization through an intensive use of chemical sub-
stances. For every analyzed case, synthesis and usage of fertil-
izers are the main sources of environmental impacts. As Fig. 2
shows, Indonesia monoculture case represents the worst condi-
tion. The emission of NO into air and those of nitrate and
phosphate into water, both due to N- and P-based component
application, respectively contribute to more than 85% of AP
(88.1%) and EP (88.5%). The direct and indirect emissions of
N2O also cause 34.3% of the total GWP, whereas the fertilizer
production adds another 38.9% to GWP and consumes 62.2%
of the total energy (CED) requested by the cultivation phase. In
the Ecuador case study, pesticides have a higher contribution:
for instance, 23.3% of AP, 14.1% of EP and 35.9% of GWP in
comparison with 2.5% of AP, 3% of EP and 12.3% of GWP in
Indonesia monoculture system. Except for water consumption,
Ghana shows the best performance in all the impact categories
owing to the application of N-free fertilizers and the absence of
diesel consumption in agricultural machinery. A possible opti-
mization is the substitution of the agrochemicals with organic
products. Since the cocoa production stage creates a large
amount of solid waste due to husks (about the 67% of the fresh
pod weight), these may become organic fertilizers. Moreover,
cocoa residue could be also used for bioenergy production
(Kamp and Østergård 2016).
As Fig. 2 shows, pollution due to the transport step is
influenced by travelled distances, so Ghana scenario re-
sults to be the best solution. Among all the case studies,
GWP, POCP and CED are the categories mainly affected
by the transportation phase: from 10.8% for Indonesia
monoculture system to 22.3% for Ecuador in the case of
GWP; from 36.7% for Ghana to 52.3% for Indonesia ag-
roforestry system in the case of POCP; and from 12.9% in
Ghana to 24.1% in Indonesia agroforestry system in the
case of CED.
As far as Abiotic Depletion is concerned, pesticide production
results themost impacting process (above 75%) in terms ofADP,
Fig. 7 ADP, elements impacts of
1 kg dark, milk and white
chocolate according to mass




Fig. 8 ADP, fossil fuels impacts
of 1 kg dark, milk and white
chocolate according to mass
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el, whereas fertilizer production contributes between 40.2%
(Ghana) and 62.3% (Indonesia monoculture system) to ADP, ff.
3.2 Chocolate manufacturing
The environmental impacts caused by the production of 1 kg of
chocolate are assessed and compared for dark, milk and white
cases. The study evaluates the effects due to the production of
ingredients (milk powder, sugar, cocoa liquor, powder and but-
ter), energy and water consumption for final product refining.
As in previous literature LCA studies (Konstantas et al. 2018;
Vesce et al. 2016), Figs. 3, 4, 5, 6, 7, 8, 9 and 10 show that
cocoa derivatives and milk powder provide the major contribu-
tions. The first ones are widely influenced by the producer
countries. Indeed farming requests an intensive use of agro-
chemicals and the bean transforming phase needs a high ener-
getic consumption (Ntiamoah and Afrane 2008). The milk
powder manufacturing also has an intensive energetic usage
because of evaporation and drying steps (Finnegan et al.
2017). For instance, in Ecuador case study, AP impacts are
mainly due to cocoa derivatives (96%) in dark chocolate, cocoa
derivatives (19%) and milk powder (63%) in milk chocolate
and cocoa butter (27.6%) and milk powder (65.1%) in white
chocolate. Similar percentages are obtained for EP: analyzing
Ghana as farmer country cocoa derivatives contributes for 91%
in dark chocolate, while 76.3% is due to milk powder in white
one. In accordance with literature (Büsser and Jungbluth 2009),
the milk and white chocolates have the most relevant GWP
impact: considering an average value between proposed situa-
tions, about 4 kg CO2 eq. are obtained in comparison with 2 kg
CO2 eq. due to dark chocolate production. POCP and ADP, ff
have quite similar results, as the milk powder present in milk
and white chocolate compensates for the major amount of co-
coa co-products in dark chocolate. On the contrary, ADP, el
impacts result higher for dark chocolate since the contribution
(per mass unit) of milk powder is lower, due to the relevant
impact of pesticides applied during cocoa cultivation. Except
for Ghana case study where a considerable amount of water is
used by cocoa farming, the milk powder production requests
about 70% of net water consumption in chocolate supply chain
(Fig. 9), whereas the water use for property chocolate refining
step is very low (Vesce et al. 2016). Similar considerations are
valid for needed energy: indeed, only the milk powder
manufacturing spends 46 MJ (around 66%) as Fig. 10 shows.
Fig. 9 Water use impacts of 1 kg
dark, milk and white chocolate





Fig. 10 CED impacts of 1 kg
dark, milk and white chocolate
according to mass allocation
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In general, as reported in Fig. 11, dark chocolate shows a
better performance in the categories where impacts deriving from
milk powder production are predominant (i.e. EP, GWP, POCP
ADP, ff, CED), whereas it overtakes milk andwhite chocolate as
milk powder contribution decreases. Water use represents a sep-
arate case since the comparison is strongly influenced by the
water consumption for cocoa cultivation in Ghana (Fig. 2).
Moreover, milk and white chocolate present similar results since
they contain the same amount of milk powder and similar
amounts of cocoa co-products (Table 1). Therefore, even though
the comparison among different chocolate types varies according
to the considered environmental impact category, still dark choc-
olate globally shows the best environmental performance,
followed by white chocolate and then milk chocolate.
3.3 Packaging production and end-of-life treatments
In chocolate supply chain, the main causes of pollution are the
used raw materials: above all dairy and cocoa derivatives.
Certainly, the careful choice of products with lower environ-
mental impacts, resulting from a better management of their
cultivation and processing, could improve system perfor-
mances. An alternative is the substitution of some ingredients;
for instance, the use of soy milk, instead of cow milk, could
reduce the impacts up to 70–90% (Miah et al. 2018).
However, this solution is not always possible because the
replacement changes the characteristics of the final product,
such as taste, nutrition values and physical appearance. For
this reason, an easier reduction of impacts can be obtained
focusing on packaging materials. Figure 12 presents the envi-
ronmental impacts generated by the packaging production to
wrap 1 kg of chocolate. The polypropylene (PP) layer results
to be the least impacting material in all chosen impact catego-
ries. Two different combinations of an aluminium foil with a
fibre-based material result more impacting than the PP case,
mainly because of aluminium-based material production.
Consequently, the aluminium layer plus cardboard is the most
impacting solution in all categories: respectively, 0.0021 kg
SO2 eq. for AP, 0.0008 kg PO4
3− eq. for EP, 0.4228 kg CO2
eq. for GWP, 0.0012 kg NMVOC eq. for POCP, 1.70 10−6 kg
Sb eq. for ADP, el, 4.1419 MJ for ADP, ff, 0.0035 m3 for
water use and 5.7136 MJ for energy consumption.
Fig. 12 Environmental impacts due to production of packaging materials to wrap 1 kg chocolate
Fig. 11 Comparison of potential environmental impacts of 1 kg of dark, milk and white chocolate (average values among different producer countries)
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3.4 Sensitivity analysis
Mass allocation is usually suggested when allocation proce-
dures cannot be avoided and no different physical relation-
ships reflect the way in which the inputs and outputs are
changed by quantitative variations in the products delivered
by the system (IES 2019). Thus, mass allocation is applied in
the first point to the cocoa co-products as defined in paragraph
2.2.2. Since different allocation choices could strongly affect
the results and owing to the common use of chocolate as
energy food, allocation rules based on the cocoa co-product
energy content are proposed for the sensitivity analysis. The
caloric intakes for cocoa liquor, cocoa butter and cocoa pow-
der are respectively equal to 648.3 kcal/100 g, 899.05 kcal/
100 g and 469.6 kcal/100 g (MP&F 2020). As reported in
Table 9, this allocation choice leads to a higher allocation
percentage for cocoa butter (56.7% instead of 43.9%) and to
lower allocation percentages for cocoa liquor and cocoa pow-
der (respectively 19.8% and 23.5% instead of 21.3% and
34.8%), proportionally affecting their environmental impacts.
As shown in Figs. 13 and 14 for GWP category, the energy
content allocation slightly rises the environmental impacts of
both milk and white chocolate because of the increased im-
pacts of cocoa butter. On the contrary, dark chocolate shows
almost equal impacts as the presence of all three cocoa co-
products balances the result variation. The change linked to
cocoa butter also leads white chocolate to become more
impacting than milk chocolate, since cocoa butter—the only
cocoa co-product contained in white chocolate—is strongly
unfavoured by the energy content allocation. Except for dif-
ferent percentage changes, the same behaviour occurs for all
considered impact categories and indicators as shown by the
results presented in the Supplementary Material.
Possible variation in the results could also be caused by
different proportions among the mass of cocoa co-products
obtained in chocolate manufacturing, as cocoa liquor contains
both cocoa powder and cocoa butter in roughly equal propor-
tion. Therefore, according to the existing proportion between
cocoa butter and powder and maintaining the same overall
mass for cocoa co-products (Table 6), different percentage
variations in the output of cocoa liquor are applied to the
manufacturing phase in the case of energy content allocation.
However, as shown in Fig. 15 for GWP, the variation of the
results is substantially negligible for all chocolate types in the
case of energy content allocation, whereas no change is pres-
ent in the case of mass allocation.
Finally, a comparison between two allocation methods is
evaluated considering a functional unit of 1 kcal. The conver-
sion of functional unit is computed according to average en-
ergy content for three chocolate types (Verna 2013): 4950
kcal/kg of dark chocolate, 5150 kcal/kg of milk chocolate
and 5400 kcal/kg for white chocolate. Thus, looking at choc-
olate for its primary function of energy food, the application of
an energy-based functional unit turns back to favour—in
Fig. 13 GWP impacts of 1 kg dark, milk and white chocolate according to energy content allocation (Ecuador EC, Ghana GH, Indonesia monoculture
system IDm, Indonesia agroforestry system IDa)
Table 9 Comparison between
mass allocation and energy
content allocation
Cocoa co-product Mass [g] Mass allocation Total energy content [kcal] Energy content allocation
Cocoa liquor 98 21.3% 635.3 19.8%
Cocoa butter 202 43.9% 1,816.1 56.7%
Cocoa powder 160 34.8% 751.4 34.8%
Int J Life Cycle Assess
terms of GWP—white chocolate instead of milk chocolate in
both the allocation rules applied (Fig. 16), as for the original
case of 1 kg of product with mass allocation (Fig. 14).
However, regardless of the functional unit and the alloca-
tion rules applied, the qualitative comparison among three
chocolate types remains similar.
4 Conclusion
The environmental impact analysis of the food supply chain is
becoming a relevant topic due to its considerable conse-
quences and, at the same time, higher attention of consumers
to more sustainable product choice. In this context and owing
to the continuous increase of cocoa demand, the comparison
among dark, milk and white chocolate life cycle is proposed
through LCA methodology from cradle to grave. Several
possible situations are analyzed, considering different cocoa
producer countries. Indeed, each zone and farming technique
(monoculture or agroforestry system) has specific environ-
mental impacts depending on requested inputs. The analysis
shows that Ghana case study has minor consequences, due to
lower use of fertilizers and pesticides and travelled distance
between cocoa fields and factory; yet a higher water value is
consumed. The raw material production, specifically cocoa
co-products and milk powder, has the major influence in all
considered categories. In addition, packaging material com-
parison is proposed analyzing different possible choices. The
best solution is a single PP layer, whereas the commonly used
aluminium foil with an external fibre-based pack has higher
environmental impacts. According to the performed sensitiv-
ity analysis, the comparison between two applied allocation
procedures—mass and energy content—does not show a re-
markable difference, highlighting their equal validity in the
Fig. 15 Sensitivity analysis for
chocolate manufacturing - GWP
Fig. 14 GWP impacts of 1 kg of dark, milk and white chocolate (average values among different producer countries)
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application to chocolate LCA studies. In both cases, dark
chocolate globally presents the best environmental perfor-
mance, whereas the other two types have similar environmen-
tal impacts. These results are also qualitatively confirmed in
the case of calories as functional units.
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